The green alga Chlamydomonas reinhardtii is a leading unicellular model for dissecting biological processes in photosynthetic eukaryotes. However, its usefulness has been limited by difficulties in obtaining mutants in specific genes of interest. To allow generation of large numbers of mapped mutants, we developed high-throughput methods that (1) enable easy maintenance of tens of thousands of Chlamydomonas strains by propagation on agar media and by cryogenic storage, (2) identify mutagenic insertion sites and physical coordinates in these collections, and (3) validate the insertion sites in pools of mutants by obtaining >500 bp of flanking genomic sequences. We used these approaches to construct a stably maintained library of 1935 mapped mutants, representing disruptions in 1562 genes. We further characterized randomly selected mutants and found that 33 out of 44 insertion sites (75%) could be confirmed by PCR, and 17 out of 23 mutants (74%) contained a single insertion. To demonstrate the power of this library for elucidating biological processes, we analyzed the lipid content of mutants disrupted in genes encoding proteins of the algal lipid droplet proteome. This study revealed a central role of the long-chain acyl-CoA synthetase LCS2 in the production of triacylglycerol from de novo-synthesized fatty acids.
INTRODUCTION
Plants are the origin of most of our food and many of our basic materials and have enormous potential as a source of renewable energy and industrial chemicals. Advances in our understanding of plant biology will enable future increases in crop yields and the development of next-generation biofuels and will allow for more informed policy decisions as human activities increasingly impact our environment.
A major obstacle in effectively advancing the use of plants to support human activities is that the functions of thousands of plant genes remain unknown. Arabidopsis thaliana is the bestcharacterized organism in plant biology research, yet over one-third of its 27,000 genes have not been assigned a molecular function (Kourmpetis et al., 2011 ) (The Arabidopsis Information Resource website, genome snapshot, retrieved 11/20/15 from http://www. arabidopsis.org/portals/genAnnotation/genome_snapshot.jsp). A much greater fraction of gene products eludes mechanistic and structural understanding. Therefore, new tools are needed to accelerate our understanding of plant gene function. One significant opportunity lies in developing advanced resources for analyzing unicellular, photosynthetic model systems.
The unicellular green alga Chlamydomonas reinhardtii has been an invaluable model organism for elucidating gene functions in photosynthetic organisms (Harris, 2001; Gutman and Niyogi, 2004; McDonald, 2009 ). Its success is in large part due to its powerful genetic and biochemical properties. Chlamydomonas is haploid during vegetative growth, making mutant phenotypes immediately apparent. All three of its genomes (nuclear, chloroplast, and mitochondrial) have been sequenced and can be transformed (Boynton et al., 1988; Kindle et al., 1989; RandolphAnderson et al., 1993; Maul et al., 2002; Grossman et al., 2003; Merchant et al., 2007) . This alga is particularly suitable for studies of photosynthesis because it can grow heterotrophically with acetate as a carbon and energy source, allowing the isolation of mutants deficient in photosynthesis (Sager and Zalokar, 1958; Levine, 1960; Kates and Jones, 1964; Grossman et al., 2010; Karpowicz et al., 2011; Calderon et al., 2013; Heinnickel et al., 2013; Goodenough, 2015) .
In recent years, Chlamydomonas has been increasingly used to study additional biological processes, including lipid biosynthesis (Hu et al., 2008; Wang et al., 2009; Moellering and Benning, 2010; Merchant et al., 2012; Liu and Benning, 2013) , pigment biosynthesis and regulation (Lohr et al., 2005; Beale, 2009; Lohr, 2009; Voss et al., 2011) , carbon-concentrating mechanisms (Badger et al., 1980; Wang et al., 2011; Brueggeman et al., 2012; Fang et al., 2012) , growth during nutrient deprivation (González-Ballester et al., 2010; Miller et al., 2010; Castruita et al., 2011; Boyle et al., 2012; Urzica et al., 2012 Urzica et al., , 2013 Blaby et al., 2013; Hemschemeier et al., 2013; Toepel et al., 2013; Aksoy et al., 2014; Schmollinger et al., 2014) , responses to heat stress (Hemme et al., 2014) , photoreception (Beel et al., 2012) , fermentation biology and hydrogen gas production (Ghirardi et al., 2007; Mus et al., 2007; Hemschemeier et al., 2008; Dubini et al., 2009; Grossman et al., 2011; Catalanotti et al., 2012 Catalanotti et al., , 2013 Magneschi et al., 2012; Murthy et al., 2012; Yang et al., 2014) , mating (Umen, 2011; Geng et al., 2014; Liu et al., 2015) , the cell cycle (Tulin and Cross, 2014; Cross and Umen, 2015) , and cellular quiescence (Tsai et al., 2014) .
In addition to its usefulness in studying plant biology, the biochemical similarity of Chlamydomonas flagella to mammalian cilia has made Chlamydomonas a leading model for elucidating cilia structure and function (Jarvik and Rosenbaum, 1980; Tam and Lefebvre, 1993; Li et al., 2004; Mitchell, 2004; Yang et al., 2006; Wirschell et al., 2008) , with discoveries including the characterization of intraflagellar transport (Kozminski et al., 1993; Baldari and Rosenbaum, 2010) . In addition, Chlamydomonas motility mutants have helped reveal the molecular basis for many human diseases that result from cilia dysfunction, such as polycystic kidney disease (Lewin, 1953; Mintz and Lewin, 1954; Pazour et al., 2000; Qin et al., 2001; Fliegauf et al., 2007) . Despite its powerful attributes, the utility of Chlamydomonas as a model organism has been greatly limited by the difficulty of obtaining mutants for specific genes. Gene disruption by homologous recombination is not a viable tool in Chlamydomonas as a consequence of the low frequency of homologous recombination relative to random insertion of exogenous DNA (Slaninová et al., 2008) . Furthermore, specific gene modification through zinc-finger nucleases has not proven practical, as it requires time-consuming screens for zinc finger arrays with high specificity for sequences of interest (Sizova et al., 2013) . Cas9 coupled with specific guide sequences has been used in multiple systems for high-efficiency genome editing (Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013) , but to date has not been successfully used to target gene disruptions in Chlamydomonas (Jiang et al., 2014) . While RNA silencing through the use of artificial microRNAs has been developed for Chlamydomonas, suppression of transcript levels is usually incomplete (Molnar et al., 2009; Zhao et al., 2009) . Insertional mutagenesis is a well-established procedure for generating mutants of Chlamydomonas but has been mostly used for forward genetic screens (Galván et al., 2007) . Methods for isolating mutants with insertions in specific target genes have been developed, but these methods have limited throughput and require a large number of PCRs to identify lesions in genes of interest (Pootakham et al., 2010; Gonzalez-Ballester et al., 2011) .
Large-scale mapped mutant libraries have transformed research in bacteria (Baba et al., 2006; Goodman et al., 2009) , yeast (Winzeler et al., 1999; Giaever et al., 2002) , animals (Venken et al., 2011; Varshney et al., 2013) , and land plants (Alonso et al., 2003; May et al., 2003; McCarty et al., 2005; Zhang et al., 2006; Hsing et al., 2007; Bragg et al., 2012; Belcher et al., 2015) . An analogous stably maintained library of Chlamydomonas insertional mutants with known insertion sites would have a similarly transformative impact on the ease of elucidating gene functions in this organism.
Multiple major challenges are associated with generating an indexed mutant library for Chlamydomonas. This alga is traditionally propagated by manual transfer, limiting the number of mutants that can be maintained. Cryopreservation has been demonstrated (Hwang and Hudock, 1971; Piasecki et al., 2009 ), but only for individual strains, making cryopreservation of large collections prohibitively laborious. Until recently, methods available for obtaining sequences flanking the insertion cassette (flanking sequence tags) in Chlamydomonas had insufficient throughput to map the thousands of insertion sites needed for establishing a mapped, indexed library. Conventional methods, including plasmid rescue (Tam and Lefebvre, 1993) , thermal asymmetric interlaced PCR (Dent et al., 2005; González-Ballester et al., 2005b) , restriction enzyme sitedirected amplification PCR (González-Ballester et al., 2005a) , inverse PCR and GenomeWalker PCR (Philipps et al., 2011) , 39 rapid amplification of cDNA ends (Meslet-Cladière and Vallon, 2012) , and SiteFinding PCR (Li et al., 2012b; Dent et al., 2015) , can identify insertion sites for ;10 mutants in a week. Recently, conventional methods were used to map 459 insertion sites in a collection of photosynthesis-deficient mutants (Dent et al., 2015) . Despite this success, the throughput of conventional methods remains low in comparison to the throughput of methods developed for mapping genome-wide libraries in land plants (Alonso et al., 2003; Strizhov et al., 2003; Williams-Carrier et al., 2010; Urbański et al., 2012; McCarty et al., 2013; Hunter et al., 2014) , making conventional methods impractical for mapping large-scale Chlamydomonasmutantcollections.
We recently significantly increased the throughput of mutant mapping by developing Chlamydomonas MmeI-based insertion site sequencing (ChlaMmeSeq), a protocol that can reveal insertion sites in a pool of tens of thousands of mutants by massively parallel sequencing of 20-to 21-bp sequences immediately flanking the insertion cassettes (Zhang et al., 2014) . However, the accuracy of insertion site mapping is challenged by the insertion of random fragments of genomic DNA from distant loci between the cassette and the "true" genomic flanking sequence (Zhang et al., 2014) . In those mutants, the flanking sequence originates from the inserted fragment and often maps to the genome, but identifies an incorrect insertion site. At present, there is no high-throughput means for identifying such incorrectly mapped mutants.
Strategies for determining the physical coordinates of individual insertions within a large collection of mutants using combinatorial pooling approaches coupled with next-generation sequencing have been recently developed (Urbański et al., 2012 ) (TDNA-Seq; https://www.araport.org). The largest reported library mapped using combinatorial pooling approaches contained ;7000 mutants (Goodman et al., 2009 ). However, a saturating random insertion library of Chlamydomonas mutants will require mapping the insertion sites for >100,000 mutants, and this would demand an impractical number of pipetting operations using established combinatorial pooling methods.
In this study, we describe the development of broadly applicable technologies for insertion site mapping, combinatorial pooling, and deconvolution of insertion positions within an arrayed library of mutants. Moreover, we present protocols for efficient propagation of tens of thousands of Chlamydomonas mutants on agar and their cryopreservation in microtiter plates. Using these technologies, we generated an indexed library of Chlamydomonas insertional mutants for which the sites of cassette insertion have been determined. We demonstrated the utility of the library by phenotyping candidate mutants for triacylglycerol (TAG) accumulation under nitrogen deprivation conditions. This phenotyping allowed us to identify the long-chain acyl-CoA synthetase LCS2 as a key component of the poorly characterized pathway that incorporates newly synthesized fatty acids into TAG. This library is available to the public through the Chlamydomonas Resource Center; the library can be searched for specific strains and the strains directly ordered from the website https://www.chlamylibrary.org/.
RESULTS

Generation, Maintenance, and Cryopreservation of a Chlamydomonas Mutant Library
To generate a library of Chlamydomonas mutants, we employed random insertional mutagenesis with an insertion cassette conferring paromomycin resistance (Sizova et al., 2001; Zhang et al., 2014) . We chose CC-4533 (mt 2 ; http://chlamycollection.org/ strain/cc-4533-cw15-mt-jonikas-cmj030/) as the background strain because of its multiple desirable properties, such as normal swimming and the ability to grow heterotrophically (Zhang et al., 2014) . Because CC-4533 is derived from but not identical to commonly used lab strains, we compared its genome sequence to those of the commonly used strains (Gallaher et al., 2015) . Wholegenome sequencing of CC-4533 revealed only three single nucleotide polymorphisms that may disrupt gene function and are not found in other common laboratory strains, as well as 466 additional single nucleotide polymorphisms and 26 structural variants that are not expected to alter gene function significantly (Supplemental Tables 1 and 2 and Supplemental Data Sets 1 and 2). To facilitate further genetic studies using mutants from this library, we crossed CC-4533 (mt 2 ) with CC-125 (mt + ) and then backcrossed mt + progeny to CC-4533 five times. This procedure yielded a mt + strain designated CC-5155, which should be nearly isogenic to CC-4533.
We developed high-throughput robotic procedures for colony picking, mutant propagation, cryopreservation, and pooling mutants to map insertion sites (Figure 1) . A robot picked mutant colonies and arrayed them in a 384-colony format on agar-solidified medium. The original collection contained a total of 18,430 colonies on 53 plates (Supplemental Figure 1A) . To propagate and maintain the collection, we developed a robust protocol in which the colonies were robotically replicated onto fresh solid medium every four weeks.
To evaluate the efficiency of propagation, we quantified frequencies of individual colony gain and loss. Over a period of 18 months, 4% of the colonies were lost due to whole-plate contamination or inefficient transfer (Supplemental Figure 1B) . Furthermore, the library initially had 1922 blank spots, and of these, 67 (3.5%) acquired a colony after 18 months, possibly caused by splashing of cells from neighboring colonies during replication. This finding underscores the need to streak mutants from the collection to obtain single colonies for making pure cultures and to confirm the site of insertion prior to physiological mutant characterization. Overall, these data indicate that the mutant library can be robustly propagated on agar for over a year, but also demonstrates a need for a more stable form of storage over longer periods. Therefore, we developed a method for high-throughput cryogenic freezing and recovery of strains in a 96-well plate format. To test the protocol, we thawed eight 96-well plates of library strains and recovered 98 to 100% of the strains in each plate (Supplemental Table 3 ). Three copies of the library have been cryogenically stored using this method.
We Developed an Advanced Scheme for Mapping Insertion Sites
To map the insertion sites present in pools of mutants, we used ChlaMmeSeq, a recently developed protocol (Zhang et al., 2014) . Illumina sequencing of ChlaMmeSeq products yields a 20-to 21-bp flanking sequence tag indicating the genomic sequence flanking each 59 or 39 cassette end in a pool of mutants.
To determine the plate and colony (row and column) coordinates of each mapped insertion, we designed a combinatorial pooling scheme based on one that was previously developed for a bacterial mutant library (Goodman et al., 2009 ). The latter scheme mapped ;7000 mutants with ;80,000 pipetting operations but cannot be practically applied to libraries of tens or hundreds of thousands of mutants because the number of pipetting operations grows more rapidly than the number of mutants to be mapped. To accommodate the larger number of mutants in Individual transformants were robotically picked into a collection of arrays of 384 colonies on agar and were propagated while insertion sites were being mapped and confirmed. Once the coordinates of high-confidence mutants were identified, these mutants were then arrayed into a final collection that was cryopreserved and is available for distribution. our library, we modified the scheme to determine the plate coordinate of each insertion separately from the colony coordinate ( Figure 2A ). This method of dual combinatorial mapping markedly reduces the number of liquid handling operations during the combinatorial pooling stage, enabling mapping of 200,000 mutants with only ;10,000 pipetting operations.
To determine the plate coordinate of each mutant, we first combined colonies into 53 pools by plate (hereafter referred to as "plate-pool," each plate-pool contained all strains from a given plate). We then dispensed each of the 53 plate-pools into a subset of the 15 plate-super-pools, according to a pattern of presence and absence that was unique to each plate-pool ( Figure 2B ; Supplemental Data Set 3). We identified flanking sequences present in each plate-super-pool by applying ChlaMmeSeq to each super-pool. The pattern of presence and absence of each flanking sequence across the 15 plate-super-pools allowed us to determine which of the 53 plates contains the mutant harboring the corresponding insertion.
Similarly, to determine the colony coordinates of each mutant, we first combined colonies into 384 pools by colony position on (A) To determine plate coordinates, the mutants were pooled by plate into 53 plate-pools. We combinatorially distributed the plate-pools into 15 plate-superpools and obtained the flanking sequences in each plate-super-pool by ChlaMmeSeq. We then determined the flanking sequences in each plate by deconvolving the plate-super-pool data. We employed a similar process to identify the flanking sequences present at each colony position. This process revealed the plate and colony coordinates for each flanking sequence. (E) Most flanking sequence coordinates were identified with no errors. An error indicates that a flanking sequence is present in an unexpected super-pool, or absent from an expected super-pool, but the flanking sequence can still be uniquely mapped to a pool due to the error tolerance of our method. the plate (hereafter referred to as "colony-pool"). Each colonypool contained all strains at the corresponding position on the 384-colony array (e.g., colony pool A1 contained cells from position A1 of all 53 plates). We then determined the flanking sequences present at each colony position using a super-pooling scheme ( Figure 2C ; Supplemental Data Set 4) similar to that described above for determining the plate position. Overall, >80% of flanking sequences that were mapped to a plate were also mapped to a colony, indicating that our approach is robust.
We Assigned Flanking Sequences to 6258 Colonies
We deconvolved plate and colony locations for each flanking sequence based on presence and absence of the sequence across the super-pools (Supplemental Figure 2 and Supplemental Data Set 5). In total, we successfully mapped 7827 nuclear genomic flanking sequences to 6258 colonies in the library (Figures 2D and 2E; Supplemental Figure 3) , consistent with previously observed success rates in mapping Chlamydomonas insertion sites (Dent et al., 2005 (Dent et al., , 2015 Zhang et al., 2014; see Discussion) . The accuracy of coordinate assignments was initially supported by the strong agreement between positions that lacked colonies and positions that were not assigned flanking sequences (Supplemental Figure 4) . To assess the deconvolution accuracy in a quantitative manner, we performed ChlaMmeSeq on two sets of 96 randomly selected mutants and found that 95 and 87% of the flanking sequences assigned to these mutants could be recovered (Supplemental Data Set 6).
The Majority of Mutants Contain Complex Insertions
We sought to use the unprecedented number of mutants with multiple flanking sequences in our data set to gain insights into the characteristics of genomic insertions in Chlamydomonas. In previous studies it was observed that insertions can contain complex rearrangements ( Figure 3A ), including deletions of genomic DNA (Tam and Lefebvre, 1993; Matsuo et al., 2008) , cassette truncation (Dent et al., 2005 (Dent et al., , 2015 , and concatenation of cassettes with fragments of genomic DNA potentially generated as a consequence of cell lysis in the culture (Zhang et al., 2014) . Consistent with frequent cassette truncation, the majority of mutants (4923/6258) yielded a single flanking sequence ( Figure 3B ).
We analyzed the relationship between pairs of flanking sequences assigned to the same colony to evaluate the occurrence of various classes of insertions in the collection ( Figure 3C ; Supplemental Figure 5 ). We observed 52 cases of clean insertions, where the flanking sequences from two sides of the insertion aligned to adjacent nucleotides in the genome. Of the 1605 flanking sequence pairs, we estimate (see Methods; Supplemental Methods) that ;77 were derived from an insertion with a genomic deletion smaller than 300 bp, and ;36 were derived from an insertion with a 1-to 20-bp genomic duplication. We estimate that ;158 flanking sequence pairs flank a 36-to 983-bp genomic DNA fragment between two cassettes ( Figure 3C ; Supplemental Figure 6 ). In ;80% of the 1605 sequence pairs, the two flanking sequences aligned to distant genomic regions. This could be explained by the presence of multiple insertions in a single mutant, multiple mutants growing within the same colony, or the introduction of DNA from a distant locus on one or both sides of the cassette. We conclude that clean insertions are rare, small genomic deletions and duplications are often observed, and the majority of mutants contain compound insertions including genomic DNA fragments from distant loci and/or multiple cassettes.
LEAP-Seq Improves Confidence in the Genomic Insertion Site
We sought to develop a method to increase our confidence in the assignment of insertion sites. As mentioned above, we frequently observed insertions of short genomic DNA fragments (typically <500 bp) between the cassette and the DNA of the true genomic location. In those cases, the 20 to 21 bp of flanking sequence identified by ChlaMmeSeq would not identify the disrupted locus because the sequence would originate from the DNA inserted between the cassette and the genome. We reasoned that we could identify such cases by evaluating whether the flanking DNA sequence ;1 kb away from the end of the cassette still corresponds to the same locus as that identified by ChlaMmeSeq. To enable such evaluations, we developed a method that we call linear and exponential amplification of insertion site sequence coupled with paired-end sequencing (LEAP-Seq) (Supplemental Figure 7 and Supplemental Table 4 ). LEAP-Seq is based on a method developed for mapping insertion sites in mammalian cells (Carette et al., 2011) . While the original method only reads 36 bp of genomic sequence immediately adjacent to the cassette, LEAP-Seq generates paired-end sequence reads for which the distal read can be up to 1.5 kb from the cassette, a distance sufficient to read beyond most DNA that is inserted between the cassette and genome.
We performed LEAP-Seq on a pool containing all mutants in the library, sequencing both 59 and 39 sides of the cassette. We assigned LEAP-Seq reads to each insertion by matching each LEAPSeq proximal read to a ChlaMmeSeq read. To distinguish between correctly and incorrectly mapped insertions, we compared genomic mapping sites of LEAP-Seq proximal and distal read pairs ( Figure 4A ; see Methods; Supplemental Methods). In cases where there was no insertion of a DNA fragment, all distal reads should align to the same locus as the proximal read, and some read pairs would span a large distance (500 to 1500 bp of genomic DNA). If a short DNA fragment is present between the cassette and the true genomic position, a significant fraction of the distal reads will map to another locus because of LEAP-Seq products extending beyond the fragment. Additionally, the proximal and distal read pairs mapping to the same locus will span a much shorter distance, limited by the size of the inserted DNA fragment. To visualize this data, we plotted for each flanking sequence the percent of LEAPSeq read pairs that mapped to the same locus versus the longest distance spanned by a read pair that mapped to that locus ( Figure  4B ; Supplemental Figure 8 ). Consistent with our expectations, we observed a bimodal distribution in both dimensions. Moreover, control mutants with high-confidence insertions showed a high value on both axes.
We classified insertions as confirmed if they met two criteria: (1) >70% of the mapped LEAP-Seq read pairs from that insertion were mapped to the same locus and (2) proximal and distal reads spanned at least 500 bp at this locus. Additionally, we considered insertions to be confirmed if two flanking sequences from the same mutant indicated a clean insertion or a short genomic deletion or duplication, even if the insertion did not satisfy the above criteria (see details in Supplemental Methods). Insertion site and LEAP-Seq data for each mutant are provided in Supplemental Data Sets 7 and 8. LEAP-Seq confirmation greatly enriched the collection for correctly mapped mutants, as shown below.
75% of the LEAP-Seq-Confirmed Insertion Junctions Are Correctly Mapped
To examine the overall quality of our mapping data, we performed PCR to characterize 47 LEAP-Seq-confirmed and 45 non-LEAPSeq-confirmed insertions (Figures 4C and 4D; Supplemental Data Set 9) . Insertions for this analysis were chosen at random from all insertions that were mapped to genes. For the LEAP-Seqconfirmed set, we found that our insertion site mapping was correct in 33 of the insertions, based on two lines of evidence. First, we were able to obtain a PCR product spanning the insertion site with the wild type but not mutant template genomic DNA (Supplemental Figure 9) . Second, we could PCR amplify across the expected cassette-genome junctions from the mutant (Li et al., 2007) . For 11 other insertions, we observed a wild-type product when using mutant DNA as template, indicating that there was no insertion of the cassette in the expected site. For the remaining three insertions, we were unable to obtain PCR products from either of the PCR assays. We conclude that ;75% of LEAP-Seqconfirmed insertions are correctly mapped. In contrast, using the same criteria, we found that only 7.9% of the non-LEAP-Seqconfirmed insertions were correctly mapped, underlining the strong enrichment for correctly mapped insertions provided by LEAP-Seq confirmation (Supplemental Figures 8 and 10) .
To determine the number of insertions in each mutant, we performed DNA gel blot hybridizations on 23 randomly selected mutants containing a LEAP-Seq-confirmed insertion (Supplemental Figure 11 ). For 17 of the mutants (74%), we observed a single insertion; the remaining mutants showed two insertions.
The LEAP-Seq-Confirmed Library Includes Insertions in 1562 Genes
We compared the set of LEAP-Seq-confirmed mutants to several gene sets of interest to the scientific community. Of 17,737 Chlamydomonas genes predicted in the v5.3 genome assembly, 1562 genes (;9%) are represented by insertions in the LEAP-Seqconfirmed library. The library includes 836 Chlamydomonas genes with Arabidopsis homologs, 46 encoding GreenCut2 proteins , 56 genes encoding proteins in the chloroplast proteome (Terashima et al., 2011) , 65 genes (A) Our previous work suggested a model where transforming DNA is fragmented, with multiple cassette fragments and/or exogenous genomic DNA sequences sometimes inserted into the same site in the Chlamydomonas genome (adapted from Zhang et al. [2014] ). (B) Only one flanking sequence was assigned to most colonies, and two or more flanking sequences were assigned to some colonies. The plot also shows how many of the colonies have only 59-side flanking sequences, only 39, or both 59 and 39. Two 59 or two 39 ends can be derived from a single insertion of two cassettes in opposite orientations, as well as from two independent insertions. (C) Data from pairs of flanking sequences mapped to the same colony were used to estimate how often different insertion categories were detected in the collection (see Supplemental Figure 5 and Supplemental Methods).
encoding proteins in flagella (Pazour et al., 2005) , and 430 genes with no functional annotation (Merchant et al., 2007) (Table 1) .
We examined the distribution of LEAP-Seq-confirmed insertions across the genome. Consistent with our previous work (Zhang et al., 2014) , the genomic distribution of insertions is largely indistinguishable from random, with <8% of insertions contributing to hot spots and <1% of the genome in cold spots (Supplemental Figure 12 and Supplemental Data Set 10). At a finer scale, insertions in genes are less frequent than insertions into intergenic regions ( Figure 5 ). Within genes, insertion frequency is highest for 39 untranslated regions (UTRs) and lowest for exons. These observations could be explained by a reduced likelihood of viability of mutants with insertions in introns and exons or by these features having lower likelihood of cassette insertion or AphVIII expression.
LEAP-Seq-Confirmed Mutants Can Be Ordered through a Searchable Web Database
We consolidated the LEAP-Seq-confirmed mutants into seven new 384-colony arrays and cryopreserved the strains in 96-well microtiter plates. The rearrayed mutants are being propagated at the Chlamydomonas Resource Center (CRC) in Minnesota, where they are available for distribution to the public. Mutants can be searched and ordered through the searchable Chlamydomonas Library Project (CLiP) website (https://www.chlamylibrary.org/), which also provides information on the site of the gene disruption and a summary of LEAP-Seq results. Mutants will be sent on slants from the CRC for a distribution fee (initially $100/strain for academia and $1000/strain for industry), which will serve to make the propagation of the mutants at the Center perpetually selfsustaining.
We Used the LEAP-Seq-Confirmed Library to Characterize Mutants Disrupted in Genes Encoding Lipid Droplet Proteins
To demonstrate the utility of the library, we used a candidatebased approach to identify genes involved in accumulation of the storage lipid TAG, which accumulates in organelles called lipid droplets (Goold et al., 2015) . In both animals and plants, several proteins that impact TAG synthesis or degradation were found to (A) LEAP-Seq reads are used to identify cases where there is a short insertion of genomic DNA from another locus (designated "junk" DNA) between the cassette and the flanking genomic DNA. LEAP-Seq reads are paired-end, with each pair consisting of a proximal and distal read (relative to the cassette). Short insertions of junk DNA will typically produce a low percentage of distal reads mapped to the same locus as the proximal read, and the read pairs will span a short distance at this locus. (B) For each 59 flanking sequence with at least 10 reads, the percentage of distal reads mapped to the same locus as the proximal read is plotted against the maximum distance spanned by read pairs at that locus. Positive control flanking sequences, indicated by blue circles, are 59 flanking sequences that have perfectly matching 39 flanking sequences mapped to the same colony. Some control flanking sequences showed a small fraction of distal reads mapping to distant loci as a result of apparent artifacts (see Supplemental Methods). The dotted line shows the cutoffs for insertions that we consider confirmed by LEAP-Seq. (C) PCR validation of LEAP-Seq-confirmed insertions. Results show that 33/44 LEAP-Seq-confirmed insertions were correctly mapped; a further three confirmed insertions could not be checked due to PCR failure (Supplemental Figure 9) . (D) PCR validation for non-LEAP-Seq-confirmed insertions. Results show that 4/42 were correctly mapped; seven could not be checked due to PCR failure. localize to lipid droplets Daum, 2003, 2005; Eastmond, 2006; Kurat et al., 2006; Farese and Walther, 2009; Wilfling et al., 2013) . We therefore chose to screen mutants deficient in genes encoding proteins in the Chlamydomonas lipid droplet proteome (Moellering and Benning, 2010; Nguyen et al., 2011) for perturbed TAG content ( Figure 6A ). Our mutant library contains LEAP-Seq-confirmed insertions in 28 genes encoding proteins identified in these proteomes (Table 1) . We isolated the corresponding mutants, verified their insertion sites by PCR (Supplemental Data Set 11), and analyzed TAG levels following nitrogen deprivation by thin-layer chromatography (TLC) ( Figure  6B ; Supplemental Figure 13) . Of the 27 mutants tested, 23 (85%) were determined by PCR to be correctly mapped, consistent with the 75% confirmation rate observed above for randomly selected mutants. One of these mutants, LMJ.SG0182.015843, hereafter referred to as lcs2 as explained below, showed a defect in TAG accumulation following nitrogen deprivation. We confirmed this defect with biological replicates (Supplemental Figure 14) and chose lcs2 for in-depth characterization.
LCS2 Is a Novel Component of the TAG Biosynthesis Pathway
The lcs2 mutant has an insertion that disrupts the 39 UTR of a gene (Cre13.g566650 in the Chlamydomonas v5.3 genome) encoding a putative long-chain acyl-CoA synthetase (LACS; Figure 7A ). This gene was previously designated LCS2 in bioinformatic analyses of the Chlamydomonas genome (Riekhof et al., 2005; Li-Beisson et al., 2015) . DNA gel blot analysis using the AphVIII gene as a probe (Supplemental Figure 11) identified a single hybridizing DNA fragment larger than 10 kb, a result consistent with an insertion in lcs2 (a 14.2-kb band is expected from the insertion site). Two splice forms were predicted for LCS2 in the Chlamydomonas v5.3 genome: Cre13.g566650.t1.1 has one fewer exon than Cre13.g566650.t2.1. RT-PCR suggests that Cre13.g566650.t1.1 is the major transcript under our experimental conditions (Supplemental Figure 15 and Supplemental Table 5 ).
We confirmed the insertion site in lcs2 by PCR and DNA sequencing. PCR across the predicted insertion site with primer pair g1 + g2 (Supplemental Table 5 ) yielded a product if CC-4533 genomic DNA was used as a template but not when the template was genomic DNA from lcs2, consistent with a disruption in the mutant ( Figure 7B ). We confirmed the cassette-genome junction reported by ChlaMmeSeq and LEAP-Seq by PCR with primer pair g1 + c1. We then characterized the junction between the 39 side of the cassette and the genome. Sequencing of the PCR product obtained from lcs2 with primer pair g2 + c2 indicated an intact cassette 39 end and an insertion of a 204-bp fragment of chloroplast DNA between the cassette and the last LCS2 intron. Insertions of Chlamydomonas nuclear, chloroplast, and mitochondrial DNA between the cassette and genome sequence have been observed previously (Zhang et al., 2014) . In this case, the insertion of chloroplast DNA explains why only the 59 insertion junction was identified and used for deconvolution. The insertion also resulted in a 215-bp deletion in LCS2. The deleted sequence includes part of the last intron, the entire last exon, and part of the 39 UTR ( Figure 7A ).
We readily detected the LCS2 protein by immunoblot analysis in CC-4533 but not in lcs2 ( Figure 7C ). The size of the LCS2 protein based on migration in the gel is consistent with its predicted molecular mass (74 kD based on Cre13.g566650.t1.1).
To complement the lcs2 mutant, we took advantage of a BAC library of the Chlamydomonas genome (Nguyen et al., 2005) . We digested a bacterial artificial chromosome (BAC) containing LCS2 to generate a fragment containing the complete LCS2 genomic sequence and no other open reading frame. We purified and cotransformed this fragment into lcs2 with a selectable marker conferring resistance to hygromycin B (Berthold et al., 2002) and screened the transformants for the presence of an intact LCS2 39 UTR using the primer pair g1 + g2 and for LCS2 protein accumulation. Four of the transformants (comp1-4) contained the introduced LCS2 gene ( Figure 7B ) and also accumulated LCS2 protein ( Figure 7C) .
We analyzed the TAG content of the lcs2 mutant and complemented lines by TLC and liquid chromatography-mass spectrometry (LC-MS). TLC analysis indicated that the four The number of genes with confirmed mutants available is shown for several sets of genes of interest. The data represent 265 intergenic insertions and 1855 insertions into genes. Categories with insertion densities statistically significantly different from the intergenic density are marked with asterisks (P values < 0.001). The densities are adjusted to compensate for differences in the density of uniquely mappable insertion positions between features (see Methods and Supplemental Methods). complemented strains contained a similar level of TAG as the CC-4533 parental strain ( Figure 7D ). Quantitative LC-MS measurements showed that the lcs2 strain contained ;50% of the amount of TAG in CC-4533 ( Figure 7E ). The complemented lines showed full recovery of wild-type TAG levels, or slightly higher TAG than the wild type. These data demonstrate that the decreased TAG content in lcs2 is caused by disruption of the LCS2 gene.
LCS2 Is Involved in Incorporating de Novo-Synthesized Fatty Acids into TAG
We sought to more precisely establish LCS2 function with respect to TAG metabolism. Homology of LCS2 to long-chain acyl-CoA synthetases suggests that it activates free fatty acids by converting them into acyl-CoAs, substrates for TAG synthesis. If LCS2 has this activity, its free fatty acid substrates could originate from one of two sources: (1) degradation of membrane lipids, which yields large amounts of polyunsaturated fatty acids; and (2) de novo synthesis, which produces more saturated species (Fan et al., 2011; Li et al., 2012b) . We reasoned that we could distinguish between these two possibilities by examining the saturation profile of TAG in the lcs2 mutant. We used LC-MS to analyze TAG composition of lcs2 and the complemented lines in comparison to CC-4533 ( Figure 8A ). TAG in lcs2 exhibited a smaller fraction of more saturated species (50:1, 50:2, 50:3, 52:1, and 52:3) and a larger fraction of more unsaturated species (48:6, 52:6, 52:7, 52:8, 52:10, 54:5, 54:6, 54:7, 54:8, and 54:9) than CC-4533 and the complemented lines. These results suggest that LCS2 is primarily involved in incorporating de novo-synthesized acyl groups (more saturated fatty acids) into TAG rather than the acyl groups recycled from membrane lipids ( Figure 8B ).
DISCUSSION
A Strategy to Overcome Technical Challenges Associated with Constructing an Indexed Library
In this work, we overcame the challenges of propagation, storage, and rapid mapping of thousands of Chlamydomonas mutants. We developed protocols for propagation of libraries of tens of thousands of Chlamydomonas mutants as arrays of 384 colonies on agar using robotic systems commonly used in yeast genomics. These protocols included redundancy measures that protect the library against frequently encountered fungal contamination (Supplemental Figure 1) . For longer term storage, we developed a highly efficient 96-well format freezing protocol (98 to 100% recovery; Supplemental Table 3 ). These types of technical advances enable efficient propagation and storage of tens of thousands of mutants by genomics researchers and centers like the Chlamydomonas Resource Center. Additionally, we developed an advanced pooling-based deconvolution scheme that allowed us to determine the physical coordinates of colonies harboring specific insertions in a collection of 18,430 colonies (Figures 2A to 2C) . Importantly, all of these protocols are by design compatible with larger libraries of hundreds of thousands of mutants, which will be necessary for saturating coverage of the Chlamydomonas genome. These methods should be broadly applicable to studies in other organisms.
The greatest challenge that we faced in mapping the mutants was the complex nature of insertion sites ( Figure 3A) . The truncation of cassettes during transformation decreases the number of mappable flanking sequences (Zhang et al., 2014) and likely explains why many colonies did not yield a flanking sequence and few gave more than one ( Figure 3B ). When two flanking sequences were observed from one colony, they frequently appeared to originate from the two ends of one cassette but mapped to different genomic sites (see Methods; Supplemental Methods), (A) LC-MS was used to quantify different molecular species of TAG in the lcs2 mutant and complemented lines in three biological replicates. Each TAG species is denoted as N:M, where N is the number of carbon atoms in acyl chains and M is the number of C=C double bonds. In each strain, the average percentage of total TAG represented by each species is indicated by the size of the corresponding circle. Next to each circle, the percentage abundance of that species in each biological replicate is shown relative to the average percentage abundance of that species in CC-4533, as a heat map. A Mann-Whitney U-test was used to test whether the values in the heat map of lcs2 deviate significantly from the values in strains expressing LCS2 (CC-4533 plus the complemented lines) (asterisk indicates false discovery rate corrected P < 0.02).
(B) A model is proposed for the role of LCS2 in TAG synthesis under nitrogen deprivation. Enzymes and processes are italicized. Dashed arrows indicate processes that may involve multiple steps. Two major sources of acyl groups are represented: (1) LCS2 activates de novo synthesized fatty acids exported suggesting that at least one side of the cassette was flanked by a short insertion of genomic DNA from another locus ( Figure 3C ). Therefore, many of the flanking sequences obtained from ChlaMmeSeq in our original collection do not report the true genomic insertion site, but instead report the sequence of a short DNA insertion between the cassette and flanking DNA. To overcome this challenge and establish a set of high-confidence mutants, we developed LEAP-Seq, which allowed us to identify mutants with short DNA insertions ( Figures 4A and 4B) . The mapping sites of the LEAP-Seq-confirmed insertions are accurate in ;75% of cases ( Figure 4C ). As a result of the complex nature of insertions, only ;10% of our initial colonies yielded confirmed flanking sequences. We are developing methods to significantly increase this fraction for future libraries (see below).
The Mutant Library Opens the Door to Novel Biology
Elucidation of biological processes in plants has benefited enormously from the availability of large-scale mutant collections in several model systems (Alonso et al., 2003; May et al., 2003; Zhang et al., 2006; Urbański et al., 2012; Belcher et al., 2015) . The resource we generated here combines the power of an indexed, mapped library of insertion mutants with the advantages of Chlamydomonas, a unicellular, rapidly growing, photosynthetic organism.
This collection facilitates the study of a wide range of conserved biological processes that occur at the single-cell level, including the conversion of solar energy to chemical bond energy and the function of cilia in human disease. Our collection represents a library of high confidence mutants in which 1562 genes have defined disruptions. This resource will accelerate the characterization of candidate genes that were identified by phylogenetic analyses (Li et al., 2004; Merchant et al., 2007; Grossman et al., 2010; Karpowicz et al., 2011) , proteomic characterization of organelles (Keller et al., 2005; Pazour et al., 2005; Moellering and Benning, 2010; Nguyen et al., 2011; Terashima et al., 2011) , and transcriptome analyses under environmental conditions of interest (González-Ballester et al., 2010; Miller et al., 2010; Boyle et al., 2012; Brueggeman et al., 2012; Fang et al., 2012; Urzica et al., 2012; Albee et al., 2013; Blaby et al., 2013; Hemschemeier et al., 2013; Schmollinger et al., 2014) .
In addition to enabling the study of candidate genes, the entire library can be screened for phenotypes of interest more easily and rapidly than existing resources in multicellular organisms, providing a tool complementary to those under development for land plants (O'Malley and Ecker, 2010) . The library's current format of arrayed colonies on solid medium is compatible with high-throughput robotic screens using colony size as a powerful and versatile phenotype, as illustrated in yeast (Costanzo et al., 2010) . The library is also compatible with a range of other quantitative phenotyping methods, including measurement of pigment levels, chlorophyll fluorescence analysis of arrays on agar (Johnson et al., 2009) , and motility screens in 96-well plates (Engel et al., 2011) .
All of the strains in the library are compatible with the ChlaMmeSeq protocol (Zhang et al., 2014) , which enables tracking of mutant abundances in pools. ChlaMmeSeq generates a unique 20-bp sequence from each mutant. Thus, the library can be pooled, cells exhibiting a phenotype of interest can be selected (e.g., by exposure to a stress or though fluorescence-activated cell sorting), and the identities of individual strains isolated from the pool can be determined. The quantitative nature of ChlaMmeSeq should enable yeast-style pooled screens, in which the growth rates of individual mutants are tracked over several generations (Giaever et al., 2002) .
We Are Working Toward a Genome-Saturating Collection
The Chlamydomonas mutant library will become increasingly powerful for screens as more mutants are generated and more alleles are isolated for each gene (O'Malley and Ecker, 2010) . Currently, it is not possible to conclude that an observed phenotype in a mutant is due to the annotated insertion because either the flanking sequence could be incorrect or the phenotype could be caused by a second site mutation (Dent et al., 2005) . However, the ability to compare the phenotypes of multiple independent alleles for each gene will provide increased confidence in the causal relationship between genotype and phenotype. Toward this end, we are using the approaches established here to map insertion sites in 200,000 mutants, from which we aim to select ;50,000 mutants to generate a stable collection that covers nearly all nonessential genes. We will only pick mutants with highconfidence flanking sequences and will favor insertions mapped to coding regions within genes. Our protocols remain unchanged, except for three refinements: (1) A collection of 200,000 is being propagated and mapped all at once, instead of the collection of 20,000 presented here. Deconvolution of colony positions in a collection of 200,000 mutants requires 21 plate-super-pools and 20 colony-super-pools. (2) We optimized the transformation protocol to increase the fraction of mutants yielding confirmed flanking sequences. Specifically, we removed the cell-settling step and directly collect cells by centrifugation. We also added a washing step after cell collection and shortened the time during which cells were incubated with cassette DNA before electroporation, in an effort to decrease the possibility of insertions of genomic DNA from lysed cells. (3) Each transformation cassette has been enhanced to include unique built-in DNA barcodes, which can be amplified using common primers annealing to the cassette (Shoemaker et al., 1996) and facilitate extraction of unique identity tags for each mutant. While the cassette is still compatible with ChlaMmeSeq, PCR amplification of these barcodes is being used instead of ChlaMmeSeq for determining the precise location of a mutant within a library. Mutant propagation, cryogenic freezing, combinatorial super-pooling of mutants, and the use of LEAP-Seq to from the plastid and provides acyl-CoA for TAG synthesis; and (2) degradation of existing membrane lipids at the plastid or endoplasmic reticulum (ER) can provide acyl groups to TAG through LCS2-independent pathways. ACP, acyl carrier protein; FA, fatty acid; FAS, fatty acid synthesis. validate insertion sites remain unchanged. We estimate that we will complete mapping and genetic characterizations of this new collection in the next two years if no major hurdles are encountered. Mutants from the complete collection will be made available as soon as possible through the CLiP website and the CRC.
LCS2 Is a Key Component of the Poorly Characterized Pathway That Incorporates de Novo-Synthesized Fatty Acids into TAG
The usefulness of the library presented here was illustrated by the ease with which we were able to rapidly screen candidate genes for roles in TAG metabolism and to identify LCS2 as an important gene in this process. Genes involved in TAG biosynthesis are central to our understanding of lipid metabolism and represent ideal targets for genetic engineering efforts to enhance biofuel production (Hu et al., 2008) . Chlamydomonas is arguably the bestcharacterized alga, but only a handful of lesions causing defects in TAG biosynthesis have been identified, including pgd1 (Li et al., 2012b) , pdat1 (Boyle et al., 2012; Yoon et al., 2012) , nrr1 (Boyle et al., 2012) , and tar1 (Kajikawa et al., 2015) . By screening mutants disrupted in lipid droplet protein-encoding genes, we found that an lcs2 mutant has reduced levels of TAG compared with the parental strain ( Figures 6B, 7D , and 7E; Supplemental Figure 14) . Rescue of the TAG phenotype of lcs2 with wild-type LCS2 genomic DNA ( Figures 7D and 7E) demonstrates that LCS2 is required for biosynthesis of ;50% of the TAG in nitrogen-deprived cells.
Characterization of the lcs2 mutant fills in a key missing link in TAG metabolism of photosynthetic eukaryotes. In photosynthetic eukaryotes, fatty acids are synthesized in the plastid, and the complete pathway leading to their export from the plastid and incorporation into cytosolic lipid droplets remains unknown (Ohlrogge et al., 1979; Riekhof et al., 2005) . Previous work has shown that two of the pathways of export of de novo-synthesized fatty acids provide free fatty acids at the outer envelope of the chloroplast (Andrews and Keegstra, 1983; Koo et al., 2004; Li et al., 2012b) . It is unclear how these free fatty acids are then activated and incorporated into TAG. It has been hypothesized that LACS enzymes activate free fatty acid products by conversion into acylCoA on the path to TAG. However, LACS mutants in vascular plants show only modest effects on TAG accumulation (Fulda et al., , 2004 Shockey et al., 2002; de Azevedo Souza et al., 2009; Lü et al., 2009; Weng et al., 2010; Zhao et al., 2010; Jessen et al., 2011 Jessen et al., , 2015 Shockey and Browse, 2011) . Our work indicates that LCS2, a lipid droplet-localized LACS enzyme (Moellering and Benning, 2010; Nguyen et al., 2011) , is required for incorporation of de novo-synthesized fatty acids into TAG. The results suggest a simple model in which free fatty acids produced at the outer envelope of the chloroplast are activated by LCS2 on adjacent lipid droplets for incorporation into TAG ( Figure 8B ).
Our data are consistent with a model in which TAG is produced by two parallel mechanisms: (1) the LCS2-dependent production of TAG from de novo-synthesized fatty acids and (2) the largely LCS2-independent conversion of membrane lipids into TAG. This second mechanism would provide fatty acids for polyunsaturated TAG synthesis by one of two pathways: (1) the head groups of membrane lipids could be cleaved off to provide diacylglycerol for acyl-CoA:diacylglycerol acyltransferase (Boyle et al., 2012; Deng et al., 2012; La Russa et al., 2012; Hung et al., 2013; Sanjaya et al., 2013) or phospholipid:diacylglycerol acyltransferase (PDAT) (Boyle et al., 2012; Yoon et al., 2012) reactions; or (2) the membrane lipids could directly serve as the polar lipid substrate for PDAT reactions.
More broadly, our library contains mutants in a large number of genes of interest, including dozens of genes implicated in photosynthesis and cilia function, as well as 430 genes with no functional annotation (Table 1) . It is our hope that this library, and subsequent ones generated based on the tools presented here, will serve as a resource for the research community and will impact studies ranging from the production of renewable fuels to curing ciliary diseases.
METHODS
More detailed experimental procedures are available in Supplemental Methods.
Mutant Generation and Propagation
The mutants were generated from the Chlamydomonas reinhardtii CC-4533 background strain using electroporation as previously described (Zhang et al., 2014 ) with one minor difference (Supplemental Methods). After 2 weeks of growth, colonies were picked robotically and arrayed into microplates in a 384-colony format. Two copies of the library were maintained by monthly replications to fresh agar-solidified Tris-acetatephosphate (TAP) medium with modified trace elements using a RoToR robot (Singer Instruments). Plates were stored at room temperature in low light (;5 mmol photons m 22 s 21 ). Colonies lost or gained were revealed by computationally comparing images of library plates before and after 18 months of replications, followed by visual confirmation.
Cryopreservation
For cryopreservation, cells from 384-colony arrays on agar medium were inoculated into 96-well microtiter plates containing 120 mL liquid TAP medium per well and grown for ;2 weeks. To each well, 100 mL of TAP with 5% (v/v) methanol was added for cryoprotection. Samples were incubated in foam boxes at 80°C for 90 min before being transferred to a vapor-phase liquid nitrogen freezer.
To recover cryopreserved strains, the 96-well plates were incubated at 30°C for 8 min immediately following removal from the liquid nitrogen freezer. Cells were centrifuged, washed with TAP medium, and inoculated into TAP medium. After 2 weeks of growth, cells were pelleted by centrifugation and robotically pinned back to agar plates. Missing colonies were visually identified.
Combinatorial Super-Pooling Scheme
The plate and colony-super-pooling schemes were designed based on binary error-correcting codes. The main features of the schemes are as follows: (1) Each pool is present in a unique combination of super-pools. (2) There are at least six differences between those combinations for any pair of pools, ensuring robustness against either sequencing and liquid-handling errors or low sequencing coverage. (3) The colony-super-pooling combinations were chosen to enable detection of cases where a transformant divides before plating, yielding two "sister colonies" with the same insertion. This leads to the same flanking sequence being part of two pools and therefore being detected in super-pools that contain either of the two pools. Without this precaution, such "sister colony" cases could result in misleading mapping of the flanking sequence. The super-pooling schemes are illustrated in Figures 2B and 2C and provided as Supplemental Data Sets 3 and 4.
Pooling and Flanking Sequence Extraction
Super-pools by plate and by colony were each generated from an independent set of 1-week-old library plates. To generate pools by plate, cells were scraped from agar plates and resuspended in liquid TAP medium. To generate pools by colony, cells from each 384-colony agar plate of the library were inoculated into a single set of four 96-well microtiter plates containing liquid TAP medium. A BioMek liquid-handling robot (Beckman Coulter) was used to generate super-pools using the scheme described above. DNA extraction, flanking sequence extraction by ChlaMmeSeq, and sequencing were performed as described previously (Zhang et al., 2014) .
Flanking Sequence Deconvolution
The ChlaMmeSeq data from each super-pool was analyzed as described previously (Zhang et al., 2014) , without merging flanking sequences that mapped to adjacent positions in the genome. Only flanking sequences that aligned to the nuclear genome were included in the analysis. The read counts for each flanking sequence were normalized to reads per million. Optimized adaptive cutoffs were used to convert the read counts to 0/1 values denoting the absence/presence of each flanking sequence in each super-pool. The plate and colony locations of each flanking sequence were determined by comparing the observed super-pool combination of each flanking sequence to the expected super-pool combinations corresponding to each plate and colony, and assigning the flanking sequence to the closest plate and colony match with at most 2 errors. See Supplemental Figure 2 for more details.
This method was applied separately to colony-super-pool and platesuper-pool data, from the 59 and 39 sides of the cassette. Each data set was processed in three iterations, first focusing on obtaining the highest quality results and then relaxing the parameters to increase the number of deconvolved flanking sequences. The results are shown in Supplemental Figure 3 .
A total of 8009 flanking sequences were deconvolved to both a plate and a colony. But because, at the time of analysis (6/20/2014), 182 of these flanking sequences mapped to an empty colony (possibly due to colony loss), only 7827 flanking sequences are reported ( Figure 2D ).
LEAP-Seq
LEAP-Seq was adapted from Carette et al. (2011) , with modifications that both achieve better amplification of Chlamydomonas DNA and allow paired-end sequencing (Supplemental Figure 7) . The procedure consists of primer extension from the cassette (linear amplification), bead binding, adapter ligation, exponential PCR, and paired-end sequencing. Briefly, DNA was extracted from the entire library as a pooled sample. For primer extension, a biotinylated primer (P1) that anneals near the 59 or 39 end of the cassette was added together with deoxynucleotide triphosphate mixture and Phusion Hotstart II polymerase (F549L; Thermo Fisher Scientific) in order to allow extension of the primer into the flanking sequence. Eighty thermal cycles of denaturation, annealing, and extension were performed. Extended singlestranded DNAs were then captured by streptavidin-coated magnetic beads (60101; Life Technologies). A single-stranded adapter was added for ligation to the extended DNA molecules. The ligation products were exponentially amplified using a primer that anneals to the cassette (P2, closer to the end than P1) and a primer that anneals to the ligation adapter (P3). PCR products were subjected to paired-end sequencing.
LEAP-Seq Data Analysis
The raw paired-end LEAP-Seq data are composed of a proximal read (containing some cassette sequence and the genomic flanking sequence) and a distal read (containing distant genomic flanking sequence). The cassette sequence was removed from the proximal reads; the proximal reads were trimmed to 21 bp (the length provided by ChlaMmeSeq data), and the distal reads were trimmed to 30 bp. Both sides were independently aligned to the Chlamydomonas v5.3 genome and to the cassette sequence allowing one mismatch; nonunique alignments were discarded. Proximal reads aligning to the same position were combined, as they are expected to represent single insertion flanking sequences. Flanking sequences that were not present in the ChlaMmeSeq-based deconvolution results were discarded at this stage. All distal reads corresponding to each proximal flanking sequence were collected and used to calculate the fraction of distal reads aligning to the same locus as the proximal read, and the highest distance spanned by a read pair aligning to the same locus.
Analysis of Flanking Sequence Pairs Mapped to the Same Colony
Flanking sequence pairs that mapped to the same colony were analyzed in order to determine which pairs were derived from the same insertion versus different independent insertions. The pairs derived from the same insertion were used to examine the characteristics of the insertion sites, such as the presence and size of genomic deletions.
Briefly, the pairs were categorized based on their relative orientation and distance (Supplemental Figure 5) . Within each distance range, the numbers of pairs in the different relative orientations were compared with the ratio expected for pairs derived from independent insertions (50% same-facing, 25% toward-facing, and 25% away-facing). Cases of significant departures from that ratio were categorized as different insertion models: clean insertions, deletions, genomic duplications, or multifragment insertions. Note that cases categorized as 1-to 2-bp deletions or duplications could also be errors during PCR, sequencing, or data processing. Additionally, the percentage of LEAP-Seq high-confidence flanking sequences and the percentage of 59+39 cassette-end pairs (versus 59+59 or 39+39) in each category were used to corroborate the conclusions.
Because they mapped to locations either greater than 1 kb apart or on different chromosomes, 1278 pairs of flanking sequences were not classified into the above categories. These pairs could represent (1) flanking sequences derived from two independent insertions or (2) flanking sequences derived from two sides of a single insertion, where at least one side additionally contained a short insertion of genomic DNA from a different locus. We estimated that 49% of the 1278 flanking sequence pairs were derived from the same insertion, based on the observed fraction of pairs that were 59+39 versus 59+59 or 39+39.
Because we observed random insertion of genomic DNA fragments contiguous with the cassette, we used the sequence information from ChlaMmeSeq and LEAP-Seq, from both sides of the cassette, to estimate the length distribution of these insertions of random DNA. The results are shown in Supplemental Figure 6 : 92% of the random DNA fragments are below 500 bp, and 98% are below 700 bp.
Insertion Distribution and Genome Coverage Analysis
The data sets described in Table 1 are from the following sources: Pazour et al. (2005) , Merchant et al. (2007) , Moellering and Benning (2010) , Karpowicz et al. (2011 ), Nguyen et al. (2011 ), and Terashima et al. (2011 . The protein IDs for some of the data sets had to be converted from older versions to the current genome version (using http://pathways.mcdb.ucla.edu/algal/id_conversion. html). Data could not be obtained for some genes, and these have been omitted from the table. For the set of all Chlamydomonas genes, genes with Arabidopsis thaliana homologs, and genes with no functional annotation, the Chlamydomonas genome v5.3 from Phytozome was used directly. Genes with Arabidopsis homologs are genes that have a best Arabidopsis hit name, symbol, or defline listed in the Phytozome downloadable annotation file. Genes with no functional annotation are genes that lack any annotation in the Phytozome downloadable annotation or defline files.
The genome/gene/feature mappable lengths were calculated as in (Zhang et al., 2014) . To normalize the data, the number of insertions in each feature was divided by the overall mappable length of that feature. Insertions in genes with multiple splice variants were not assigned to any feature. P-values comparing the insertion densities in each pair of features were calculated using the chi-square test of independence (McDonald, 2009) .
The simulated data sets and hot/cold spot analysis were done as described (Zhang et al., 2014) . The full list of hot/cold spots is provided as Supplemental Data Set 10. The hot/cold spot analysis was also performed on simulated data sets to estimate how many of the hot/cold spots detected by our analysis are likely to be due to the fact that our method slightly under-corrects P values for multiple testing. Out of 20 simulated data sets, 13 had no hot/cold spots with P values <0.05, two had two hot spots, four had one hot spot, and one had one cold spot.
DNA Gel Blotting
Purified genomic DNA was digested with StuI (New England Biolabs), and the resulting fragments were resolved on 0.7% agarose gels. DNA was transferred onto a Zeta-probe membrane (Bio-Rad) and UV cross-linked. The membrane was hybridized to a probe consisting of the AphVIII sequence, which is the only part of the cassette sequence that is not present in the genome.
Nitrogen Deprivation and Lipid Analysis
Exponentially growing cells in TAP medium at 30 to 40 mmol photons m 22 s 21 continuous light were pelleted by centrifugation at 1500g for 2 min, resuspended in TAP-N, pelleted again, and resuspended in TAP-N. After 24 h of incubation in medium devoid of N, aliquots of cells containing the same amount of chlorophyll were collected for lipid extraction and TLC as previously described (Li et al., 2012a) . To identify and quantify the TAG species, LC-MS and subsequent tandem mass spectrometry were performed on total lipid extracts as previously described (Terashima et al., 2015) .
Complementation of the lcs2 Strain
For complementation of lcs2, a BAC clone was restriction digested to yield a fragment containing the LCS2 gene (including 59 and 39 UTRs). This fragment was cotransformed into lcs2 cells with linearized pHyg3 plasmid, which confers resistance hygromycin B. Transformants selected on hygromycin B-containing agar plates were screened initially for presence of wild-type LCS2 genomic DNA by PCR and then for presence of LCS2 protein by immunoblotting. A primary antibody generated against a peptide epitope of LCS2 (CRRPQLQAKYQAKLD-amide) by Yenzym was employed to detect LCS2. As a loading control, the membrane was stripped and reprobed with an a-tubulin antibody raised in mouse (T6074; SigmaAldrich).
Custom Software
Software developed in support of this project is available at http://github. com/Jonikas-Lab/Li-Zhang-Patena-2015.
Accession Numbers
Sequence data for the LCS2 gene presented in this article can be found in the Phytozome database under accession number Cre13.g566650. The other genes for which the mutants were analyzed in TAG content are Cre02. g117500, Cre01.g053000, Cre02.g113200, Cre12.g516450, Cre01.g048950, Cre12.g500500, Cre10.g442800, Cre01.g015300, g5059, Cre10.g427700, Cre01.g015300, Cre12.g492900, Cre10.g427700, Cre10.g436800, Cre01. g044650, Cre17.g721000, Cre16.g647534, Cre17.g723850, Cre12.g517000, Cre12.g559250, Cre07.g321400, Cre07.g336950, Cre08.g372100, Cre03. g164750, g2932, and Cre05.g247350. Sequence data for the insertion cassette are found in GenBank under accession number KJ572788. Chloroplast and mitochondrial genomes were added as separate chromosomes from the National Center for Biotechnology Information website: NC_005353 and NC_001638, respectively. Raw data for Supplemental Data Set 8 are available from the Sequence Read Archive under accession number SRP068433. Supplemental Figure 5 . Pairs of flanking sequences mapped to the same colony can be divided into insertion scenarios based on their distance and relative orientation, cassette sides, and LEAP-Seq confidence data.
Supplemental
Supplemental Figure 6 . The distribution of lengths of putative genomic DNA fragments surrounded by two cassettes was estimated from data shown in Supplemental Figure 5 .
Supplemental Figure 7 . LEAP-Seq is employed to obtain longer flanking sequences to confirm cassette insertion sites.
Supplemental Figure 8 . Full LEAP-Seq confidence plots for 59 and 39 sides of the cassette, with the same confirmed mutant set cutoffs as in Figure 4B .
Supplemental Figure 9 . The insertion sites of randomly chosen individual mutants were checked by PCR.
Supplemental Figure 10 . The read count in LEAP-Seq and ChlaMmeSeq has little impact on the validation of insertion sites by PCR.
Supplemental Figure 11 . Seventeen out of 23 (74%) of mutants in the LEAP-Seq-confirmed set harbor a single insertion.
Supplemental Figure 12 . The distribution of insertions in the genome is largely random.
Supplemental Figure 13 . Mutants deficient in lipid droplet proteins were screened for TAG deficiency using thin-layer chromatography.
Supplemental Figure 14 . We confirmed the TAG deficiency in lcs2 by TLC.
Supplemental Figure 15 . RT-PCR supports the Cre13.g566650.t1.1 model of LCS2.
Supplemental Table 1 . Summary of variants of our CC-4533 strain relative to the reference Chlamydomonas v5.3 genome and several other strains sequenced by Gallaher et al. (2015) .
Supplemental Table 2 . Details of high-impact variants unique to CC-4533.
Supplemental Table 3 . Cryopreserved mutants can be recovered at a success rate greater than 98%.
Supplemental Table 4 . Sequences of oligonucleotide primers used for LEAP-Seq.
Supplemental Table 5 . Sequences of oligonucleotide primers used for genotyping and RT-PCR of CC-4533 and lcs2. 
